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During their most recent observing run, LIGO/Virgo reported the gravitational wave (GW) tran-
sient S191110af, a burst signal at a frequency of 1.78 kHz that lasted for 0.104 s. While this signal
was later deemed non-astrophysical, genuine detections of uncertain origin will occur in the future.
Here we study the potential for detecting GWs from neutron star fluid oscillations, which have
mode frequency and duration matching those of S191110af and which can be used to constrain the
equation of state of nuclear matter. Assuming that such transient oscillations can be excited to
energies typical of a pulsar glitch, we use measured properties of known glitching pulsars to esti-
mate the amplitude of GWs produced by such events. We find that current GW detectors may
observe nearby pulsars undergoing large events with energy similar to Vela pulsar glitch energies,
while next generation detectors could observe a significant number of events. Finally, we show that
it is possible to distinguish between GWs produced by rapidly rotating and slowly rotating pulsars
from the imprint of rotation on the f-mode frequency.
Introduction The new era of gravitational wave (GW)
astronomy began with the detection of binary black hole
and binary neutron star (NS) mergers in the last several
years by the advanced GW detectors of Laser Interferom-
eter Gravitational-wave Observatory (LIGO) and Virgo
[1, 2]. Searches are ongoing for more black hole and NS
mergers, as well as for NS-black hole mergers and other
GW sources such as transient signals associated with su-
pernovae and fast radio bursts (FRBs). Like in tradi-
tional electromagnetic astronomy, there may be occasions
when “rare” GW signals are detected whose properties
are not well-understood or modeled at the time of dis-
covery. For example, the phenomenon of FRBs was not
equivocally known to have an astrophysical origin when
the first one was found in 2007 [3], and the astrophysical
nature of FRBs is still not known even after more than
one hundred events have been detected [4–7].
In the GW regime, a somewhat analogous signal to
FRBs was reported recently. The GW transient candi-
date S191110af was detected on 2019 November 10 by
LIGO/Virgo and consists of a signal at 1.78 kHz that
lasted for 0.104 s [8]. Follow-up analysis over the next few
days identified instrumental artifacts in the data, which
led to retraction of S191110af as a genuine astrophysical
signal [9]. In the intervening time, it was pointed out
that the frequency and burst duration of S191110af are
consistent with the fundamental stellar oscillation mode
(f-mode) of a NS of mass M = 1.25MSun and radius
R = 13.3 km [10, 11]. In addition, the results of [12, 13]
were used to estimate that a f-mode could produce a GW
signal-to-noise ratio (SNR) ∼ 10 [11]. GW-producing f-
mode oscillations can be triggered by transient events
internal to the NS [13–16], such as a sudden phase tran-
sition, magnetic field reorganization, or pulsar glitch (a
sudden change ∆νs of NS spin rate νs due to starquakes
or more likely angular momentum exchange between nor-
mal and superfluid components within the star; [17, 18]).
However, evidence of glitching pulsars that could be re-
sponsible for S191110af was not found [11]. The effec-
tiveness of different proposed mechanisms is also unclear
since their energy may not be released as GWs.
GWs associated with the f-mode have been of great
interest because the mode frequency depends on the dy-
namical timescale of NSs and hence is a probe of NS den-
sity, mass, and radius [10, 12, 19]. A f-mode GW signal
can appear in newborn NSs [20], magnetars [21], and NS
mergers, during both pre-merger [22–26] and post-merger
[27–30] phases. Here we expand on the brief analysis of
[11] and study detectability of GWs produced by a f-
mode in rotating NSs, assuming that the mode is excited
to a level corresponding to the energy associated with
typical pulsar glitches [14]. This is sensible because we
know that pulsars exhibit transients at this level, even
though there is no established connection between mode
excitation and observed glitches. The advantage is that,
by considering normal isolated NSs that are well-studied,
we have a well-defined source population with known
properties, and we avoid the uncertainties of speculat-
ing on and modeling unknown sources. Moreover, this
allows us to consider a question that may become rele-
vant in the future: How do we distinguish astrophysical
transients from detector noise if both are associated with
exponentially damped sinusoidal signals?
Model for GW source Consider a stellar oscillation
with frequency νgw that is induced at time t = 0 and
damps on a timescale τgw. Following [31, 32], the GW
amplitude from such an oscillation is then zero for t < 0
2and
h(t) = h0 e
−t/τgw sin(2piνgwt) for t > 0. (1)
The peak amplitude h0 can be determined by first noting
that the GW luminosity of a source at distance d is [33]
dEgw
dt
=
c3d2
10G
(
2piνgwh0e
−t/τgw
)2
. (2)
We then integrate equation (2) over 0 < t <∞ to obtain
the total GW energy emitted Egw and solve for h0 to find
h0 =
1
pidνgw
(
5G
c3
Egw
τgw
)1/2
= 4.85× 10−17
(
1 kpc
d
)
×
(
Egw
MSunc2
)1/2(
1 kHz
νgw
)(
0.1 s
τgw
)1/2
. (3)
Now consider the oscillation mode is excited to a level
corresponding to a pulsar glitch, such that the GW en-
ergy Egw is supplied by the energy of the glitch
Eglitch = 4pi
2Iνs∆νs
= 3.95× 1040 erg
( νs
10 Hz
)( ∆νs
10−7 Hz
)
, (4)
where NS moment of inertia I ∼ 1045 g cm2. Substitut-
ing equation (4) into equation (3), the peak GW ampli-
tude is
h0 = 7.21× 10−24
(
1 kpc
d
)( νs
10 Hz
)1/2( ∆νs
10−7 Hz
)1/2
×
(
1 kHz
νgw
)(
0.1 s
τgw
)1/2
. (5)
Thus for a given oscillation mode frequency νgw and
damping time τgw, the peak GW amplitude h0 depends
on distance d to the pulsar, the pulsar spin frequency νs,
and glitch size ∆νs. In this calculation, we consider the
f-mode oscillation to be efficient at extracting energy at
the level of glitches and driving the emission of GWs. In
reality, such a process is likely to be at least somewhat
inefficient. However, a factor of, e.g., ten lower energy
that is converted to GWs (from a glitch or other process)
only reduces the GW amplitude by a factor of three since
h0 ∝
√
Egw. On the other hand, g-modes are known to
be significantly less efficient than f-modes at producing
GWs [20, 34, 35].
Pulsar and glitch distributions For our nominal GW
sources, we use 552 glitches from 188 pulsars in the Jo-
drell Bank Glitch Catalogue [36][37]. The Jodrell Bank
Glitch Catalogue lists the relative spin frequency change
∆νs/νs for each detected glitch. We use the ATNF Pulsar
Catalogue [38] to supplement the glitch data with each
pulsar’s spin frequency νs, distance d, and sky position.
Note that the default distance in the ATNF Pulsar Cat-
alogue is derived from each pulsar’s dispersion measure
FIG. 1. Top: Normalized distributions of distance for all
pulsars (dashed line) and for all glitching pulsars (solid line).
Bottom: Normalized distribution of distance for all glitches
(solid line). Dotted line is the distribution for Vela glitches.
FIG. 2. Position of glitching pulsars in right ascension α
and declination δ (top) and Galactic longitude l and latitude
b (bottom). The Galactic plane is denoted by dotted lines,
and positions of the Galactic Center and pulsars Vela and
PSR J0537−6910 are labeled.
[39], although in some cases an independent distance is
known. Since we are not focused on most individual pul-
sars but on the overall population, distance errors are not
important.
The top panel of Figure 1 shows the normalized dis-
tance distributions of all ∼ 2700 known pulsars (with a
distance) in the ATNF Pulsar Catalogue and 188 glitch-
3FIG. 3. Normalized distributions of spin frequency νs (top)
for all 188 glitching pulsars and glitch size ∆νs (middle) and
glitch energy Eglitch (bottom) for all 552 glitches.
ing pulsars in the Jodrell Bank Glitch Catalogue. The
bottom panel shows the distance distribution of the 552
glitches. We see that a majority of known pulsars and
glitching pulsars are at distances d < 6 kpc. This is due
in large part to observational selection effects. The Vela
pulsar, at a distance of 287 pc [40], contributes signifi-
cantly to the very nearby glitch population. Meanwhile,
PSR J0537−6910, also known as the Big Glitcher [41],
is in the Large Magellanic Cloud at a distance of 50 kpc
and thus is not shown in Figure 1. We also need to keep
in mind that the population of “seismically active” NSs
which emit GWs could be dominated by objects that
have not yet been detected.
Figure 2 shows the position of each glitching pulsar.
Glitching pulsars are clearly clustered in the Galactic
plane, as expected for relatively young pulsars. Be-
cause source localization by only GW detectors is gen-
erally poor, we may not be able to determine definitively
whether an individual GW burst originates from a source
in the Galactic plane. However, such a determination
may be possible for a population of burst sources (such
as the glitching pulsars) if they all contain localization re-
gions that overlap with the Galactic plane or even cluster
near the Galactic Center [42].
The top panel of Figure 3 shows the distribution of spin
frequency νs for the 188 glitching pulsars, and the middle
and bottom panels show the distributions of glitch size
∆νs and glitch energy Eglitch, respectively, for the 552
glitches. Most glitching pulsars have relatively low spin
frequencies, i.e., νs ≈ 1 − 30 Hz. Glitch size has a broad
range ∆νs ∼ 10−9−10−5 Hz [36, 43, 44], which leads to a
broad range of glitch energies Eglitch ∼ 1037− 1044 erg ∼
FIG. 4. Normalized distributions of f-mode frequency
νgw (top) and damping time τgw (bottom), derived using a
Gaussian mass distribution peaked at M = 1.4MSun with
0.15MSun width, the BSk24 EOS for the radius, and non-
rotating νgw(M,R) and τgw(M,R) relations of [45]. Vertical
dotted lines indicate (inertial) frame νgw for labeled spin fre-
quency and oscillation mode order m and using spin correc-
tions of [45] with νK = 1 kHz.
10−17 − 10−10MSunc2.
Results With the known properties of our model
source population described above, we compute the am-
plitude of GWs emitted from a damped f-mode triggered
by the energy equivalent to a pulsar glitch [see equa-
tion (5)]. First, we must determine the f-mode frequency
and damping time. Early works [10, 12, 19] show that
νgw and τgw are related to NS mass M and radius R
in a way that is approximately independent of nuclear
equation-of-state (EOS). Subsequent work verified these
relations [45] and find alternative relations that depend
on M and moment of inertia I [46, 47].
For simplicity, we use the f-mode frequency and damp-
ing time relations of [45] to M and R in the non-rotating
limit (see below). We randomly assign a mass to each
of the 188 glitching pulsars, where M is drawn from a
Gaussian distribution centered at M = 1.4MSun with a
width of 0.15MSun. The radius is then determined from
the mass using the BSk24 EOS [48], which is a modern
nuclear EOS that we choose simply as an example. The
BSk24 EOS generates NSs whose mass and radius satisfy
the M–R constraints from NICER [49, 50] and produces
a maximum NS mass that exceeds the highest observed
NS mass [51]. Figure 4 shows the resulting distributions
of f-mode frequency and damping time. We note that the
peak f-mode frequency and damping time for the some-
what softer APR EOS [52] are at 2.5 kHz and 0.05 s,
respectively. Since νgw ∝
√
M/R3 and τgw ∝ R4/M3
4FIG. 5. GW spectrum. Each circle denotes the peak strain (=h0
√
τgw) of a burst of GWs emitted at νgw from a damped
f-mode oscillation excited to a level equivalent to the energy of one of the 552 known glitches in the Jodrell Bank Glitch
Catalogue. Nearly horizontal dashed lines are sensitivities of Advanced LIGO (aLIGO), A+, Einstein Telescope (ET), and
Cosmic Explorer (CE1). Right panel: Normalized strain distribution. Bursts attributed to glitches of PSR B1737−30, Vela
and Crab pulsars, PSR J0205+6449, and PSR J0537−6910 are highlighted (from left to right).
[10, 19, 45], our assumed mass distribution with width
∼ 10% produces f-mode and damping time distributions
with width ∼ 5% and ∼ 30%, respectively. On the other
hand, there is generally not much difference between radii
of different masses around 1.4MSun for a given EOS, e.g.,
the radius differs by < 1% in the mass range M = 1.1–
1.7MSun for BSk24 (< 3% for APR) . Therefore radius
variations do not contribute significantly to variations of
νgw and τgw.
The leading order spin corrections to νgw are ≈
(0.2 − 0.4)(νs/νK) [45], where Kepler frequency νK ≈√
GM/R3/3pi ∼ 1 kHz [53]. Almost all glitching pul-
sars have a relatively low spin frequency (νs . 30 Hz; see
top panel of Figure 3), such that they would have f-mode
frequency corrections of < 1%. There are two glitch-
ing pulsars with νs ≈ 327 Hz, but these have only been
observed to glitch once and are not expected to glitch
again for a long time (> 100 yr) given their low spin-
down rate, and each glitch was also very small in size,
i.e., ∆νs ∼ 10−9 Hz. The only other fast-spinning glitch-
ing pulsar is PSR J0537−6910 with νs = 62 Hz but is at a
distant 50 kpc. Thus based on current observational evi-
dence, it appears safe to ignore rotational effects. On the
other hand, we can see from the top panel of Figure 4 that
a burst whose frequency is markedly distinct from the
distribution average could originate from a pulsar with
νs > 50 Hz. Therefore detection of such a GW burst
could indicate a fast-spinning pulsar, especially since a
(currently unknown) population of active GW-emitting
NSs may not share all the same properties as glitching
pulsars. It is also possible for f-modes of different spher-
ical harmonic to be excited. The frequency difference
between rotation-induced m=0,±1,±2 for l=2 modes is
approximately the spin frequency and would likely be re-
solvable for NSs with νs > 1/Tobs, where Tobs is time over
which a GW search is performed. The sub-second dura-
tion f-modes considered here imply frequency splitting
could be seen in bursts from pulsars with νs > 1 Hz.
With a characteristic f-mode frequency νgw and damp-
ing time τgw assigned to each of the 188 known glitching
pulsars, as well as their measured spin frequency νs and
distance d, and the glitch size ∆νs of each of the 552
measured glitches, we calculate peak GW amplitude h0
using equation (5). Figure 5 shows the resulting peak
GW strain (= h0
√
τgw), as well as the spectral noise
density
√
Sh of LIGO and next generation GW detec-
tors [54–57]. While the glitch size of most measured
glitches and distance to each corresponding pulsar pro-
5duce h0
√
τgw < 10
−24 Hz−1/2, about 20% of glitches
would be strong enough to produce a GW signal that
is observable by current and next generation detectors.
For example, bursts with the energy expected from a Vela
glitch can reach SNR = h0
√
τgw/2Sh ∼ 5 in advanced
LIGO data and ∼ 40 using third generation detectors.
Bursts from a Crab-level glitch could have SNR ∼ 2 us-
ing A+ and ∼ 6 using third generation detectors.
Discussion It is important to note that, since the true
nuclear EOS is unknown at this time, other model EOSs
can yield average νgw and τgw much lower or higher than
the 2.4 kHz and 0.06 s obtained for the BSk24 EOS,
although their dispersions for a given EOS would be sim-
ilar to those shown in Figure 4. Thus detection of bursts
with average νgw significantly different from 2.4 kHz does
not invalidate our results but may indicate a different
EOS than the one considered here is preferred. One can
envision measuring bursts clustered around a particular
frequency due to f-mode oscillations (glitch-excited or by
other means), as well as burst signals at other frequencies
due to entirely different types of GW sources. We should
expect GW bursts from f-mode oscillations to obey the
νgw(M,R) and τgw(M.R) relations of [10, 19, 45] and
νgw(M, I) and τgw(M, I) relations of [46, 47]. For ex-
ample, bursts with higher νgw should have shorter τgw.
Most should also have localization regions that overlap
with the Galactic plane. An interesting avenue for future
research is investigating data analysis strategies based on
an expected excess of transient events in the relevant fre-
quency range.
The GW strains shown in Figure 5 would seem to sug-
gest that GW bursts from systems like the Vela pulsar are
essentially the only ones that could be measured by cur-
rent detectors, due to the pulsar’s proximity (287 pc) and
large glitches (∆νs & 10
−5 Hz). However, Vela glitches
are relatively infrequent for GW searches, occurring every
3–4 yr. Thus one might expect the contribution of this
type of burst source to the total number of unmodeled
transients detected by LIGO/Virgo/KAGRA to be low.
However, our knowledge of the number of (nearby) glitch-
ing pulsars and the number of glitches each pulsar under-
goes is limited because monitoring and timing each pulsar
are crucial to being able to measure glitches. While there
are only 15 known glitching pulsars at < 1 kpc, there are
actually more than 250 known pulsars at these distances
(see Figure 1). Some of these latter pulsars could have
undergone (electromagnetically unobserved) glitches and
thus could contribute to the number of GW bursts. An
advantage of GW observations is that they are not lim-
ited to observing pulsars whose electromagnetic emission
is beamed towards us or that are electromagnetically-
bright. Thus there is potential for the type of GW source
described here to form a sizable fraction of transient sig-
nals detected by current and future GW detectors. It
may even be possible to constrain the number of glitching
pulsars with GW data. Finally it is important to reit-
erate that there is currently no clear evidence for glitch-
induced f-mode oscillations. Nevertheless, these events
provide a convenient known source population with mea-
sured parameters and an illustration of the energies re-
quired to produce detectable GW signals.
The authors appreciate the efforts of B. Shaw for main-
taining the Jodrell Bank Glitch Catalogue. WCGH,
DIJ, and NA acknowledge support through grant
ST/R00045X/1 from the Science and Technology Facil-
ities Council in the United Kingdom. CME acknowl-
edges support from FONDECYT/Regular 1171421 and
USA1899-Vridei 041931SSSA-PAP (Universidad de San-
tiago de Chile).
∗ wynnho@slac.stanford.edu
[1] B. P. Abbott et al., Phys. Rev. Lett. 116, 061102 (2016).
[2] B. P. Abbott et al., Phys. Rev. Lett. 119, 161101 (2017).
[3] D. R. Lorimer, M. Bailes, M. A. McLaughlin, D. J.
Narkevic, and F. Crawford, Science 318, 777 (2007).
[4] E. Petroff, E. D. Barr, A. Jameson, E. F.
Keane, M. Bailes, M. Kramer, V. Morello,
D. Tabbara, and W. van Straten,
Publ. Astron. Soc. Australia 33, e045 (2016).
[5] J. M. Cordes and S. Chatterjee,
Annu. Rev. Astron. Astrophys. 57, 417 (2019).
[6] E. Petroff, J. W. T. Hessels, and D. R. Lorimer,
Astron. Astrophys. Rev. 27, 4 (2019).
[7] E. Platts, A. Weltman, A. Walters, S. P. Ten-
dulkar, J. E. B. Gordin, and S. Kandhai,
Phys. Rep. 821, 1 (2019).
[8] D. Chatterjee, GRB Coordinates Network 26222, 1
(2019).
[9] D. Chatterjee, GRB Coordinates Network 26250, 1
(2019).
[10] N. Andersson and K. D. Kokkotas,
Mon. Not. R. Astron. Soc. 299, 1059 (1998).
[11] D. Kaplan, J. Friedman, and J. Read, GRB Coordinates
Network 26243, 1 (2019).
[12] K. D. Kokkotas, T. A. Apostolatos, and N. Andersson,
Mon. Not. R. Astron. Soc. 320, 307 (2001).
[13] L. Keer and D. I. Jones,
Mon. Not. R. Astron. Soc. 446, 865 (2015).
[14] N. Andersson and G. L. Comer,
Phys. Rev. Lett. 87, 241101 (2001).
[15] C. A. van Eysden and A. Melatos,
Classical and Quantum Gravity 25, 225020 (2008).
[16] T. Sidery, A. Passamonti, and N. Andersson,
Mon. Not. R. Astron. Soc. 405, 1061 (2010).
[17] P. W. Anderson and N. Itoh,
Nature (London) 256, 25 (1975).
[18] B. Haskell and A. Melatos,
International Journal of Modern Physics D 24, 1530008 (2015).
[19] N. Andersson and K. D. Kokkotas,
Phys. Rev. Lett. 77, 4134 (1996).
[20] V. Ferrari, G. Miniutti, and J. A. Pons,
Mon. Not. R. Astron. Soc. 342, 629 (2003).
[21] B. P. Abbott et al., Astrophys. J. 874, 163 (2019).
[22] M. Shibata, Progress of Theoretical Physics 91, 871 (1994).
[23] K. D. Kokkotas and G. Schafer,
6Mon. Not. R. Astron. Soc. 275, 301 (1995).
[24] J. Steinhoff, T. Hinderer, A. Buonanno, and A. Tarac-
chini, Phys. Rev. D 94, 104028 (2016).
[25] N. Andersson and W. C. G. Ho,
Phys. Rev. D 97, 023016 (2018).
[26] M. Vick and D. Lai, Phys. Rev. D 100, 063001 (2019).
[27] Z. Xing, J. M. Centrella, and S. L. W. McMillan,
Phys. Rev. D 50, 6247 (1994).
[28] N. Stergioulas, A. Bauswein, K. Zagkouris, and H.-T.
Janka, Mon. Not. R. Astron. Soc. 418, 427 (2011).
[29] A. Bauswein and H. T. Janka,
Phys. Rev. Lett. 108, 011101 (2012).
[30] B. P. Abbott et al., Astrophys. J. 875, 160 (2019).
[31] F. Echeverria, Phys. Rev. D 40, 3194 (1989).
[32] L. S. Finn, Phys. Rev. D 46, 5236 (1992).
[33] B. J. Owen, Phys. Rev. D 82, 104002 (2010).
[34] D. Lai, Mon. Not. R. Astron. Soc. 307, 1001 (1999).
[35] C. J. Kru¨ger, W. C. G. Ho, and N. Andersson,
Phys. Rev. D 92, 063009 (2015).
[36] C. M. Espinoza, A. G. Lyne,
B. W. Stappers, and M. Kramer,
Mon. Not. R. Astron. Soc. 414, 1679 (2011).
[37] Http://www.jb.man.ac.uk/pulsar/glitches.html.
[38] R. N. Manchester, G. B. Hobbs, A. Teoh, and M. Hobbs,
Astron. J. 129, 1993 (2005).
[39] J. M. Yao, R. N. Manchester, and N. Wang,
Astrophys. J. 835, 29 (2017).
[40] R. Dodson, D. Legge, J. E. Reynolds, and P. M. McCul-
loch, Astrophys. J. 596, 1137 (2003).
[41] F. E. Marshall, E. V. Gotthelf, J. Middleditch, Q. D.
Wang, and W. Zhang, Astrophys. J. 603, 682 (2004).
[42] C. Kim and M. B. Davies,
Journal of Korean Astronomical Society 51, 165 (2018).
[43] M. Yu, R. N. Manchester, G. Hobbs, S. Johnston,
V. M. Kaspi, M. Keith, A. G. Lyne, G. J. Qiao,
V. Ravi, J. M. Sarkissian, R. Shannon, and R. X. Xu,
Mon. Not. R. Astron. Soc. 429, 688 (2013).
[44] J. R. Fuentes, C. M. Espinoza, A. Reisenegger,
B. Shaw, B. W. Stappers, and A. G. Lyne,
Astron. Astrophys. 608, A131 (2017).
[45] D. D. Doneva, E. Gaertig, K. D. Kokkotas, and
C. Kru¨ger, Phys. Rev. D 88, 044052 (2013).
[46] C. Chirenti, G. H. de Souza, and W. Kastaun,
Phys. Rev. D 91, 044034 (2015).
[47] D. D. Doneva and K. D. Kokkotas,
Phys. Rev. D 92, 124004 (2015).
[48] J. M. Pearson, N. Chamel, A. Y. Potekhin, A. F.
Fantina, C. Ducoin, A. K. Dutta, and S. Goriely,
Mon. Not. R. Astron. Soc. 481, 2994 (2018).
[49] M. C. Miller, F. K. Lamb, A. J. Dittmann, S. Bog-
danov, Z. Arzoumanian, K. C. Gendreau, S. Guil-
lot, A. K. Harding, W. C. G. Ho, J. M. Lattimer,
R. M. Ludlam, S. Mahmoodifar, S. M. Morsink, P. S.
Ray, T. E. Strohmayer, K. S. Wood, T. Enoto,
R. Foster, T. Okajima, G. Prigozhin, and Y. Soong,
Astrophys. J. Lett. 887, L24 (2019).
[50] T. E. Riley, A. L. Watts, S. Bogdanov, P. S. Ray, R. M.
Ludlam, S. Guillot, Z. Arzoumanian, C. L. Baker, A. V.
Bilous, D. Chakrabarty, K. C. Gendreau, A. K. Harding,
W. C. G. Ho, J. M. Lattimer, S. M. Morsink, and T. E.
Strohmayer, Astrophys. J. Lett. 887, L21 (2019).
[51] H. T. Cromartie, E. Fonseca, S. M. Ransom, P. B. De-
morest, Z. Arzoumanian, H. Blumer, P. R. Brook, M. E.
DeCesar, T. Dolch, J. A. Ellis, R. D. Ferdman, E. C.
Ferrara, N. Garver-Daniels, P. A. Gentile, M. L. Jones,
M. T. Lam, D. R. Lorimer, R. S. Lynch, M. A. McLaugh-
lin, C. Ng, D. J. Nice, T. T. Pennucci, R. Spiewak, I. H.
Stairs, K. Stovall, J. K. Swiggum, and W. W. Zhu,
Nature Astronomy 4, 72 (2020).
[52] A. Akmal, V. R. Pandharipande, and D. G. Ravenhall,
Phys. Rev. C 58, 1804 (1998).
[53] S. L. Shapiro and S. A. Teukolsky, Black holes, white
dwarfs, and neutron stars : the physics of compact objects
(John Wiley & Sons, 1983).
[54] S. Hild, S. Chelkowski, and A. Freise, arXiv e-prints ,
arXiv:0810.0604 (2008).
[55] L. Barsotti, L. McCuller, M. Evans, and P. Fritschel,
LIGO Document T1800042-v5, 1 (2018).
[56] L. Barsotti, S. Gras, M. Evans, and P. Fritschel, LIGO
Document T1800044-v5, 1 (2018).
[57] D. Reitze, R. X. Adhikari, S. Ballmer, B. Barish, L. Bar-
sotti, G. Billingsley, D. A. Brown, Y. Chen, D. Coyne,
R. Eisenstein, M. Evans, P. Fritschel, E. D. Hall, A. Laz-
zarini, G. Lovelace, J. Read, B. S. Sathyaprakash,
D. Shoemaker, J. Smith, C. Torrie, S. Vitale, R. Weiss,
C. Wipf, and M. Zucker, in Bulletin American Astron.
Soc., Vol. 51 (2019) p. 35.
